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Background. Mechanical stimulation of the airways elicits abrupt cardiovascular responses (CVR) in anesthetized humans. We examined a potential difference in such responses by comparing changes in heart rate (HR) and arterial blood pressure (AP) responses to mechanical stimulation of three different parts of the airways, as well as the effects of localized airway anesthesia with lidocaine on these responses.
Methods: After induction of general anesthesia, the larynx under laryngeal mask insertion (L, n = 20), the trachea-carina under tracheal intubation (T, n = 20), or the bronchus under bronchial intubation (B, N = 20) of each patient was mechanically stimulated in a similar manner. The same stimulation was repeated in 15 patients in each group after 5 ml of 4% lidocaine had been sprayed onto the part of the airway being stimulated. To test the systemic effect, intravenous lidocaine 1 mg/kg was given to five patients in each group, followed by the same airway stimulation. Consequent changes in HR and AP were continuously recorded and analyzed.
Results: Significant increases in H R and AP in response to airway tactile stimulation differed in magnitude according to the stimulated sites (L > T 2 B). These responses were completely blocked by topical application of lidocaine and partially blocked by intravenous lidocaine.
Conclusions: We found that CVRs to tactile stimulation differ in their magnitude at three different sites within the airways, and localized anesthesia with lidocaine can abolish these responses in humans. The inhibition of lidocaine could be mainly due to direct blockade of the mechanoreceptors of the airways and partly to its systemic effect. (Key words: Blood pressure; heart rate; local anesthetic; neural response; respiratory tract.)
IT is well recognized that mechanical stimulation of the respiratory tract such as that produced by tracheal intubation can elicit potent respiratory-cardiovascular reflex responses during anesthesia,'.' and some differences in the responses could exist between laryngotracheal stimulation and carinal tim mu la ti on.^.^ However, the physiologic importance of airway-cardiovascular excitatory and inhibitory reflexes is not yet clear, and such reflexes could be detrimental during anesthesia.
The respiratory tracts, which anesthesiologists unavoidably must stimulate both mechanically and chemically in their routine practice, contain many receptors located in the larynx, trachea, carina, and bronchi. It has been reported that the distribution of airway receptors is richest in the larynx and more concentrated in the proximal portions of the tracheobronchial tree.5 '6 In addition, the characteristics of those receptors become more chemosensitive and less mechanosensitive in the distal portion.' The uneven distribution and characteristics of airway receptors may explain the different reflex responses to the two types of noxious stimuli. However, there has been no systematic attempt in humans to compare the cardiovascular responses (CVRs) evoked by stimulation of different parts of the respiratory tracts. Because most airway receptors are located just beneath the epitheli~m,~ it should be possible to block them by topical application or infiltration of local anesthetics in the area stimulated.
We designed the present study to examine whether CVRs to a similar airway stimulation would differ with different parts of the respiratory tracts stimulated and whether airway anesthesia produced by topical administration of lidocaine has significant effects on CVRs to mechanical stimulation to corresponding parts of the respiratory tracts in anesthetized humans. 
Materials and Methods
Sixty female patients, aged 20-65 yr and American Society of Anesthesiologists physical status 1, gave oral informed consent to their participation in the current study after it had received approval from the Human Investigation Committee of the Gifu University School of Medicine. Each patient was scheduled for elective gynecological surgery such as hysterectomy or oophorectomy. None of the patients had either a past or present cardiorespiratory disorder. Premedication with oral diazepam 10 mg and famotidine 20 mg was given 90 min prior to their arrival in the operating room.
Each patient was randomly assigned to one of three groups on the basis of the airway management and subsequent stimulation they received. The patients received laryngeal mask airway insertion with tactile stimulation of the larynx (group L, n = 20), tracheal intubation with tactile stimulation of the trachea (group T, n = 20), or endobronchial intubation with tactile stimulation of the bronchus (group B, n = 20). The airway devices used were laryngeal mask airways (size 3 or 4; Tokibo, Tokyo, Japan), endotracheal tubes (7.5 mm internal diameter; Mallinckrodt, St. Louis, MO), and left-sided endobroncheal tubes (37 French; Mallinckrodt). Positioning of each airway device was confirmed by chest auscultation and fiberoptic bronchoscopy. After insertion of an intravenous cannula, recordings of electrocardiograms, arterial blood pressure (AP, by sphygmomanometry), and oxygen saturation of arterial hemoglobin (SP,,~, by pulse oximetry) were established in each patient. General anesthesia was induced with intravenous thiopental5 mg/kg, and the airway equipment appropriate for the type of airway management proposed was put in place with the aid of intravenous vecuronium 0.1 mg/kg. The patient was put under controlled mechanical ventilation to maintain normocapnia, which was confirmed with end-tidal carbon dioxide tension (ETco2, by capnography). General anesthesia was maintained by inhalation of nitrous oxide (67%) in oxygen accompanied by less than 0.5 minimum alveolar concentration of isoflurane (0.6% in end-tidal concentration). Supplemental intravenous vecuronium (2-4 mg) was given, if necessary, to achieve a complete paralysis of the patient. Each patient's radial artery was cannulated for the direct measurement of AP and to obtain blood samples for analysis. Electrocardiograms, SpO2, and ETco2 were monitored continuously.
Control Measurements
After at least 10 min of stable hemodynamic conditions (> 10 min after start of isoflurane), baseline heart rate (HR) and AP were recorded as the mean of five cardiac contractions. As a control procedure, tactile stimuli, as described later in this section, were applied to the patient's larynx (group L), trachea and carina (group T), or bronchus (group B). In a given patient, three consecutive stimuli were applied by prodding the mucosal surface of the airway with a tip of a fiberoptic bronchoscope (3 mm outer diameter, Olympus, Tokyo, Japan) for 10 s. Three tactile stimuli were given at intervals of 3 min. Evoked changes in HR and AP were continuously recorded on a thermal array recorder (Polygraph, NEC-San-ei, Tokyo, Japan). The average value obtained from each triplicate measurement was adopted as data. The stimulated portions of the larynx, trachea and carina, and bronchus were just above the vocal cords, immediately around the carina, and 3 cm peripheral to the carina, respectively.
Lidocaine Administration to the Airways
For 15 patients in each group, anesthesia of the respiratory tract was produced by spraying a 5 ml of 4% lidocaine solution on the area. One of the authors sprayed the appropriate portion of the airways with the lidocaine solution via a specially designed spray tube; this tube was 550 mm long and had multiple microholes over a length of 35 mrn at the tip (No. 10 550 mm R100, Hakko, Tokyo, Japan). Spray was applied to the larynx (group L), trachea and carina (group T), or one main bronchus (either left [n = 81 or right [n = 71; group B) under direct visual control with the aid of a fiberoptic bronchoscope. Airway stimulation to the lidocaine-applied portion was repeated 5-10 min after lidocaine application in the same manner as the control measurements.
Intravenous Lidocaine Administration
Intravenous lidocaine, 1 mg/kg, was given to five patients in each group, and airway proddings to the appropriate areas using the tip of the fiberoptic bronchoscope were applied 5 min later in the same manner as in the control measurements.
Arterial Blood Samples
In each patient, arterial blood was sampled before and 5, 10, 15, 20, and 60 min after the lidocaine administration, and the serum concentration of lidocaine in each sample was determined by a fluorescence polarization imm~noassay.~." Arterial blood gas tensions, pH, and electrolytes were measured 5 min after lidocaine administration in all patients.
Statistical Analyses
Results are reported as mean 2 SD. A one-way factorial analysis of variance was applied to test the difference between groups, followed by the Scheffe test for post hoc comparisons. To assess differences produced by lidocaine administration in a given group, a paired Student t test was used. P values less than 0.05 were considered statistically significant.
Results

Baseline Heart Rate and Arterial Blood Pressure
Baseline HR before and after administration of lidocaine did not differ among the groups, but there were within-group differences in all groups (P < 0.05; table 1) except the patients given intravenous lidocaine. Baseline AP did not show between-and within-group differences (table 1) .
Tactile Stimulation of the Airways
Mechanical stimulation of the airways using the tip of a fiberoptic bronchoscope initially caused HR and AP to decrease slightly in some patients, and then caused significant increases in HR and AP in all patients studied in the absence of lidocaine ( fig. 1) 1 Initial sponses following bronchial stimulation, although maximal response of HR did not differ (P = 0.0784) between laryngeal stimulation and bronchial stimulation. The responses to stimulation of the trachea and carina were less than the responses to laryngeal stimulation, but the differences did not reach significance. The responses in systolic AP and HR to trachea-carinal stimulation tended to be greater than those to bronchial stimulation but did not reach statistical significance. Airway anesthesia, produced by application of 4% lidocaine to the area stimu-lated, abolished all of the airway CVRs; the maximal AHR and the maximal AAP each showed a significant difference when responses before and after lidocaine administration were compared (P < 0.001; fig. 2 ). No clinically significant bradycardia or hypotension was observed in response to tactile airway stimulation to any part of the airways before or after administration of lidocaine. Intravenous administration of lidocaine also attenuated the increases in HR and AP provoked by tactile stimuli of the airways (P 5 0.01; fig. 3 ). However, the responses were not suppressed as much as those with the topical administration of lidocaine.
Serum Concentrations of Lidocaine
The serum concentration of lidocaine increased significantly after each topical administration of this agent ( fig.   4 ). The peak level (7.2 k 4.1 pg/ml) in the bronchial application was higher than those attained following laryngeal (2.7 ? 1.6 pg/ml) or tracheal (5.7 ? 1.6 pg/ml) applications (at 5 or 10 min after the application, respectively; P 5 0.0019; fig. 4 ). There were no significant differences between groups T and B from 10 to 60 min after lidocaine administration. The mean serum lidocaine concentrations for the group L were always lower than those for groups T and B from 10 to 20 min (P 5 0.0039;
The maximum value (4.3 -t 2.5 pg/mI) obtained after intravenous injection of lidocaine was at 5 min, followed by a steep decline of the mean serum concentration (fig.  4 ). The peak level was significantly lower than that in group B (P = 0.020). fig. 4 ).
Other Data
The patients' demographic data showed no significant differences among the groups (table 2) . Arterial blood gas tensions, pH, plasma electrolyte concentrations, and rectal body temperature were also similar among the groups (table 3) .
Discussion
In the current study, we found in anesthetized humans that the CVRs to airway stimulation, which appeared to be sympathetic in nature, differed in magnitude depending on the site stimulated within the respiratory tract.
The increases in HR and AP could be ranked according to the location of the stimulation site in descending order: larynx, trachea and carina, and bronchus. The current results also indicate that topical administration of lidocaine to the mucosal surface of the larynx, the trachea and carina, or the bronchus can block the airway-cardiovascular reflexes evoked by mechanical stimulation of the same part of the respiratory tract. Because intravenous lidocaine also partly suppressed the CVRs associated with the airway stimulation, and because plasma concentrations of lidocaine administered in the localized area of the three different parts of the airways were considerably high, the suppressive effect of lidocaine topically administered could be due to the systemic effect of absorbed lidocaine as well as to direct blockade of the mechanoreceptors in the corresponding part of the airway.
Although the physiologic importance of airway-cardiovascular reflexes is not yet clearly understood, it is well known that airway manipulations can elicit potent CVRs in both awake and anesthetized humans. These potent CVRs to airway stimulation can be suppressed or attenuated by numerous means, such as deepening the level of anesthesia lo; administration of intravenous lidocaine, '' supplementary opioids,', a,-adrenoceptor agonists, l 3 P-adrenergic blockers, '* or other antihypertensive agentsI5; and sympathetic blockade via a cervical epidural block.* This is the first systematic attempt to study the effects of localized stimulation and anesthesia of different sections of the airway on CVRs in humans. There are three main types of sensory receptor in the respiratory tract: rapidly adapting chemoreceptors and mechanoreceptors with small-diameter myelinated fibers, slowly adapting stretch receptors with large-diameter myelinated fibers, and polymodal endings of nonmyelinated nerve
Although there may be considerable species differences among CVRs to mechanical and chemical stimuli, it is generally assumed that lower down the airway the receptor population becomes more chemosensitive and less mechanosensitive, and slower to adapt to repeated stimuli, at least in animals.' Mechanical stimulation of a given site in the airways could activate receptors in that locality (predominantly rapidly adapting chemoreceptors and mechanoreceptors but also slowly adapting stretch receptors), which are considered to be served primarily by vagal afferents5" and partly by sympathetic afferents. l8 The rapidly adapting chemoreceptors and mechanoreceptors located around the circumference of the trachea and the main bronchi are concentrated in the more proximal airways" and thus may play an important role in the CVRs to mechanical stimulation, especially tactile stimulation with a bronchoscope, of those parts of the airways. The evoked CVRs in cats differ in intensity depending on the sites of the airway stimu1ated,l8 presumably because the uneven distribution and characteristics of airway receptors yielded the different reflex responses.
One might argue that the presence of the airway devices, namely the inflated balloons and the endotracheal tubes, could be considered ongoing stimuli that might evoke some kinds of airway-cardiovascular reflexes or modulate the responses to additional stimuli by causing adaptation and thus could have made the basal condition of the patients in a given group different from the pa- Values are mean t SD tients in other groups. The slowly adapting stretch receptors, which are mainly distributed in the airway smooth m u~c l e ,~ could be activated by the stretching stimuli from the balloon or balloons of the airway devices, and the rapidly adapting chemoreceptors and mechanoreceptors may have been activated by the tactile stimulation from the balloon or balloons. However, the airway devices are unlikely to have significantly affected the present results, because the baseline HR and A p did not differ among the groups (table 1) . Additionally, the order of the response intensity (L > T ? B) is consistent with the report of the respiratory reflex responses in the patients with a laryngeal mask airway whose larynx, trachea, and bronchi were stimulated by injection of distilled water, l 9 indicating that adaptation, if any, to ongoing stimuli from the airway devices had negligible influences on the current results. Furthermore, the CVRs to airway stimulation could be larger in magnitude and longer in duration when the stimulation gets longer' and stronger. In the current study, because we stimulated the three parts of the airway in the same manner in the same duration, we can conclude that the differences in the intensity of the responses would be due to differing sensitivities of the airway portions stimulated and not to the differing features of the stimulation on each airway portion.
Because lidocaine topically applied to the airways was rapidly absorbed from the airways to increase serum concentration levels, we cannot exclude the possibility that a systemic action of lidocaine suppressed, at least partly, the responses to tactile simulation of the airways. The fact that intravenously applied lidocaine significantly, but not completely, suppressed the airway-CVRs ( fig. 3 ) supports this possibility. Lidocaine given intravenously has an analgesic effect on the dorsal horn neurons," and at a plasma concentrations exceeding 5 p&ml has been reported to produce cardiovascular suppression via an effect on the central nervous system'l and to suppress the cough reflex in humans.'* However, it is apparent that topical application of lidocaine did have local effects, because CVRs to the stimulation of the larynx, which were the most intense in nature ( fig. 2 ), were completely suppressed by lidocaine spraying that yielded lower serum concentrations at the time of airway stimulation, yet the intravenous lidocaine did not completely suppressed the CVRs (fig. 3 ) at serum concentrations similar to (5 and 10 min) those in the larynx group (fig. 4) . The current results clearly demonstrate for the first time that the peak concentration of serum lidocaine and the time-course of its appearance can differ significantly depending on the part of the airway to which it is applied ( fig. 4) . A possible mechanism for these differences is the differing absorption rates of lidocaine among the airway portions, of which anatomic structures of the connective tissues and blood vessels vary. The bronchus are the richest in vascular supplies in comparison with the other two portions; the bronchial circulation receives approximately 1 % of the cardiac More importantly, adjacent to the bronchus are alveoli, which are extraordinary rich in the pulmonary capillary bed, and it is possible that a part of the lidocaine applied to the bronchus drained into the pulmonary vascular system.
The presence of a potent inhalational anesthetic in the airway could affect or modulate, as a chemical stimulator to the airways as well as an effector on the autonomic nervous activity, the reflex C V R S .~* -~~ It has been reported that sympathoexcitatory effects such as tachycardia and hypertension are negligible with rapid inhalation of isoflurane compared with desflurane.*' And the use of 0.5 minimum alveolar concentration isoflurane, as in the current study, has been reported to preserve baroreflex sensitivity in humansz9 and to maintain HR with only minimal changes.3o Thus the effect of 0.5 minimum alveolar concentration isoflurane, if any, might be small or negligible.
The current study in anesthetized humans indicates that sympathetic afferent activity induced via stimulation of mechanoreceptors in the airways contributes to the CVRs elicited by application of tactile stimuli to the larynx, trachea and carina, and bronchi. The apparently sympathetically mediated responses to mechanical stimulation of the larynx, trachea and carina, and bronchi were completely blocked by topical application of lidocaine to the appropriate part of the airway and were partially blocked by intravenous lidocaine without significant cardiovagal reflex.
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